Abstract. According to experimental observations, the vortices generated by vortex generators have previously been observed to be self-similar for both the axial (u z ) and azimuthal (u Ө ) velocity profiles. Further, the measured vortices have been observed to obey the criteria for helical symmetry. This is a powerful result, since it reduces the highly complex flow to merely four parameters. In the present work, corresponding computer simulations using ReynoldsAveraged Navier-Stokes equations have been carried out and compared to the experimental observations. The main objective of this study is to investigate how well the simulations can reproduce the physics of the flow and if the same analytical model can be applied. Using this model, parametric studies can be significantly reduced and, further, reliable simulations can substantially reduce the costs of the parametric studies themselves.
Introduction
Vortex Generators (VG) have been investigated for more than fifty years in applied aerodynamics on airplane wings, Taylor [1] and Wentz [2] . VGs are passive devices for flow control that enhance mixing of the boundary layer and can thus transfer high momentum fluid closer to the wall and thereby suppress separation, Rao et al. [3] . Figure 1 shows an artistic interpretation of the large scale flow mechanisms involved. They are frequently employed on wind turbine blades to enable the use of more slender blades. That is, one can reduce the width of a blade and thus also reduce weight for the same load distribution and power production. These devices are commonly triangular or rectangular vanes inclined at an angle to the incoming flow. These generators are usually dimensioned in relation to the local boundary layer thickness to obtain optimal interaction between the vortex and boundary layer, and are commonly placed in cascades in groups of two or more upstream of the flow separation area, Anderson [4] . Basic research on Vortex Generators mounted on a flat plate has previously occupied several researchers, see e.g. Lin [5] . For an example of successful control of a laminar separation bubble with significant drag reduction, see the investigations at moderate Reynolds number made by Kerho et al. [6] . Also Lin [5] observed the Drag reducing and Lift increasing effects of micro VGs. Wendt [7] investigated an array of VG experimentally where the VGs were aligned to generate counter-rotating vortices.
On wind turbine blades VGs are in fact applied with two aims: to delay or prevent separation of the flow and to decrease the roughness sensitivity of the blade. They are usually mounted in a spanwise array on the suction side of the blade and have the advantage that they can be added as a postproduction fix to blades that do not perform as expected. Vortex Generators extend the lift curve by suppressing turbulent separation through mixing of the outer flow of the airfoil with the boundary layer. The delay of turbulent separation leads to higher maximum lift values and increased stall angles. An overview of different airfoils with several VG options is listed in van Rooij and Timmer [8] . Adding VGs to wind turbine blades is a simple solution to improving the performance of a rotor, Schubauer et al. [9] and Bragg et al. [10] .
The effect of VGs on a 1MW Wind Turbine was investigated by Øye [11] , comparing the measured power curves on a wind turbine with and without VGs. The study showed that in the investigated case the VGs on average increased the output power for nearly all wind speeds.
Many models for the generated vortices have been presented over the years. Theoretical models include, e.g., the one by Smith [12] and a model presented by Velte et al. [13] that was developed and applied to show the helical symmetry of the vortices generated by a passive rectangular vane-type vortex generator. As for models incorporated into codes, most are variants of the practical BAY-model by Bender et al. [14] , which introduces body forces using source terms in the Navier-Stokes equations to simulate the presence of a vane.
Self-similarity is a state of self-preservation across scales. For jets and wakes this classically means that the development of the streamwise velocity profiles in the streamwise direction collapse for all positions if scaled correctly according to the theory presented, e.g., by White [15] . Figure 2(a) illustrates the wake velocity profile of a single VG on a flat plate at a distance d from the trailing edge of the vane, where U ∞ is the free stream velocity and u 0 the convection velocity (x and y represent the characteristic velocity scale and the characteristic shear-layer width respectively). The development of the axial velocity profiles downstream the VG is shown in figure 2(b) where the self-similarity concept is roughly sketched based on the idea of self-preservation across scales, White [15] and Crespo [16] . As previously mentioned, Velte et al. [13] showed that the vortices produced by vortex generators possess helical symmetry. This means, in effect, that the streamwise (u z ), along the longitudinal vortex axis and the rotational (u Ө ) flows are inter-related by a simple linear relation based on the helical shape of the vorticity lines [13, 17] .
Previous experimental work by Velte [18] examines the downstream vortex evolution behind a cascade of vortex generators producing counter-rotating vortices in a boundary layer of negligible streamwise pressure gradient. The model parameters are all seen to vary linearly in the downstream direction. Based on the experimental observations triggered by a previous study [13] , the vortices generated by vortex generators have been observed to be self-similar for both the axial (u z ) and azimuthal (u Ө ) velocity profiles. The previous model, which is based merely on u z and u Ө at one single downstream location, can therefore be extended to include the full downstream evolution of the developed part of the vortex using self-similarity scaling arguments. This knowledge is important for fundamental understanding as well as for the aspect of applications, for which parametric experiments can be substantially reduced in terms of required time and cost.
In the present study CFD simulations have been carried out by EllipSys3D CFD Code (Michelsen [19] and Sørensen [20] ), and compared with a wind tunnel experiment, where a test case was performed over a single vane mounted on the test section wall in a low-speed wind tunnel.
The main objective of this article is to investigate how well the simulations can reproduce the physics of the flow and if the same analytical model can be applied. Using this model, parametric studies can be significantly reduced and, further, reliable simulations can substantially reduce the costs of the parametric studies themselves. For this purpose CFD simulations have been carried out and compared with a wind tunnel experiment and an analytical VG model.
Wind tunnel experiments
The experimental setup is the same as in Velte [18] . The experiments were conducted in a lowReynold-number flow (Re=2600 based on an inlet turbulence-generating grid size L=39mm and free stream velocity U ∞ = 1.0 ms −1 ). The wind tunnel speed was obtained by measuring the pressure drop across an orifice plate. The turbulence intensity at the inlet from laser doppler anemometry (LDA) measurements has been found to be 13 %. The boundary layer thickness at the position of the vortex generators has been estimated from LDA measurements to be approximately δ VG = 25 mm. The actuators were a rectangular vanes of the same height as the local boundary layer thickness, h = δ VG , with a length of 2h.
The measurements were conducted in spanwise planes, with planes normal to the test section wall, positioned in different positions downstream of the vortex generators. The SPIV equipment was mounted on a rigid stand and included a double cavity New Wave Solo 120XT Nd-YAG laser (wavelength 532 nm) capable of delivering light pulses of 120 mJ. The pulse width, i.e., the duration of each illumination pulse, was 10 ns. The light-sheet thickness at the measurement position was 2 mm and was created using a combination of a spherical convex and a cylindrical concave lens. The equipment also included two Dantec Dynamics Hi-Sense MkII cameras (1344 ×1024 pixels) equipped with 60 mm lenses and filters designed to only pass light with wavelengths close to that of the laser light.
Computational configuration.
In the present work, steady state simulations have been carried out and compared to the experimental observations. These computations were performed using the EllipSys3D code, see Michelsen [19] and Sørensen [20] . This in house CFD (Computational Fluid Dynamics) code is a structured finite-volume flow solver using, in this work, Reynolds-Averaged Navier-Stokes equations. The pressure/velocity coupling is ensured using the SIMPLE algorithm. The convective terms are discretized utilising the third order Quadratic Upstream Interpolation for Convective Kinematics (QUICK), Khosla et al. [21] .
For these computations the k-ω SST (Shear Stress Transport) turbulence model by Menter [22] was used.
The current setting consists of a single VG on a flat plate and the computational domain has been defined with the following dimensions, normalized with the VG height, as described in [23] , figure 3. The sketch represented in figure 4 illustrates the top view of the VG and shows that the thickness of the vane is constant. A boundary layer is developed across the test section floor, forced by the viscous interaction between the wall and the flow. The VG was positioned on a test section wall in such way that the boundary layer thickness at this location is equal to the VG height.
The angle of attack is β=20 degrees, figure 4 , and the Reynolds Number based on VG height H is:
where ρ is the density, µ the viscosity and U ∞ the free stream velocity. The computational setup of the CFD simulations consists of a block structured mesh of 18 million cells with the first cell height (∆z/H) of 1.5 10 -6 normalized by the VG height. Around the VG geometry, the mesh has 5.10 6 cells, while the mesh downstream the VG for capturing the wake has approximately 2.5.10 6 cells, see Figures 5(a, b) . In order to resolve the boundary layer, cell clustering has been used close to the wall and the dimensionless distance from the wall is less than 2 (y 
Analytical model.
Only a brief description is given in the current text. For more details, please refer to [13, 18] . It has previously been shown that the generated vortices possess helical symmetry [13] . This means that the axial, u z , and rotational, u Ө , velocities are linearly related:
(z,Ө,r) are the coordinates in a polar coordinate system of the longitudinal vortex where z is along the vortex center axis. u 0 is the vortex convection velocity, r the radial coordinate and l the helical pitch. Together with the Batchelor vortex model this allows the generated flow to be described by merely four parameters: vortex core radius ε(Ө,z), circulation Γ(z), convection velocity u 0 (z) and helical pitch l(Ө,z), leaving no restrictions on the shape of the vortex core. This model was further expanded to include the downstream vortex development using self-similarity analysis [18] in a low Reynolds number flow with a negligible streamwise pressure gradient. Self-similarity is based on the idea of self-preservation across scales. This kind of analysis is common for jets, but can conveniently be applied to wakes as well [15] . For the measured time-averaged far wake behavior it is posed that:
where the vortex core radius ε(Ө,z) is chosen as the characteristic width of the wake and U e is the ambient streamwise velocity. Note that ε=ε(Ө,z), l=l(Ө,z) and u 0 = u 0 (z) are all functions of the vortex axial coordinate z. The self-similarity relation (4.3) should also be compared to the velocity formulation, which has been confirmed to apply to the current flow [13] , where the left-hand-side corresponds to the left-hand-side numerator in (4.3). A convenient scaling for the azimuthal velocity u Ө is to normalize it by the maximum value of u Ө . From self-similarity of both u z and u Ө , the model presented in [18] can be extended to include the downstream development (z-dependence) of the vortices. In practice, this model can therefore significantly reduce costly and time consuming parametric studies on vortex generators in future studies. 
Testing of helical symmetry
The analysis of the helical symmetry was performed based on the computational results extracted in the cross planes positioned at z/h = 5, 7.5, 10, 12.5 and 15 VG heights downstream the trailing edge of the VG. Figure 7 illustrates the axial and azimuthal velocity profiles (upper values are the axial velocity profile u z and lower the azimuthal one u Ө. ) for each plane position and are compared to the right-hand side of (4.1) calculated using the computational values u Ө (о). The two data sets overlap reasonably well for all plane positions and the variation between the CFD results and the axial velocity calculated by (4.1) is hardy visible. Note that the analysis has been carried out only on the right side, since a perturbing secondary vortex appears on the left side [13] . Figure 7 : CFD velocity profiles of embedded vortices generated by a VG for a device angle β=20º.
Upper values are the axial velocity profile u z and lower the azimuthal one u Ө. CFD values of u z are compared to the right-hand side of (4.1) calculated using the computational values u Ө (о).
Testing of wake self-similarity.
An angle of attack β =20º of the VG to the incoming flow was chosen for the computations and subsequently compared with the wind tunnel experiments and an analytical model as described in [18] . The extraction of velocities from the computations was conducted similar to the experimental procedure as in [13] , in planes normal to the section wall downstream of the VG. The three velocity components were extracted along a line parallel to the wall passing through the center of the primary vortex. Figures 8 and 9 displays the axial (u z ) and azimuthal (u Ө ) velocity profiles of the wind tunnel and computational data respectively. Note that the left side of the plots, in particular for the axial velocity, a perturbation appears caused by a secondary vortex appearing due to the proximity of the primary vortex to the wall [13] . Figures 8 and 9 show that applying similarity scaling to both the u z and u Ө profiles makes the curves collapse. Figures 9 shows the corresponding plots of the CFD velocity profiles of the vortex generated downstream the trailing edge of the VG at five plane positions z/h=5-15 with the device angle of incidence β=20º. Since the axial and azimuthal velocities are observed to be self-similar, it is expected that u 0 and l vary linearly along the downstream path, which is shown in figure 11 . Figures 10 and 11 display the stream-wise evolution of the helical parameters: vortex convection velocity (u o ), circulation through the vortex (Γ), helical pitch (l) and vortex core radius (ε) for the wind tunnel experiments and computational simulations respectively. The local flow characteristic u o was found directly from the lowest value of the axial velocity wake profile and the helical pitch l was obtained from (4.1). The circulation has been calculated as the flux of vorticity across a surface enclosed by a curve described by the vortex radius. The vortex core radius ε has been obtained as the radius of the maximum value of the azimuthal velocity for each plane position. For a better comparison between the experimental and computational results, both vortex radius and helical pitch have been normalized by the VG height h. The convection velocity has been normalized by the free stream velocity U ∞ and the circulation by the multiplication of U ∞ and h.
According with [17] , the negative sign of l represented in figures 10c and 11c indicates that the helical vortex has a left-hand symmetry. As expected, the only factor which does not vary along the plane positions is the circulation, which should be close to constant in a system of low viscous dissipation. In this article, vortices generated by a passive rectangular vane-type vortex generator of the same height as the boundary layer thickness in a test section wall have been studied. CFD computational simulations at Reynolds Number Re=2500 have been carried out using the RANS method and compared with wind tunnel experimental data and an analytical model. The vortex generated by the VG shows self-similar behaviour for both the axial and azimuthal velocity profiles. It was proven based on five plane positions z/h=5, 7.5, 10, 12.5, 15 downstream of the trailing edge of the VG and with the angle of attack β=20º of the vane to the incoming flow. The CFD results represented in figure 9 show good agreement with the self-similarity shown in the experiments carried out in [18] and the trend of the entire characteristic vortex parameters in the computational results (figure 11) matches reasonably well the experimental observations ( figure 10) .
From the point of view of self-similarity, computational simulations are able to reproduce the physic of the vortex generated by a rectangular VG with considerable reliability. Also, the helical symmetry has been tested and verified based on the computational data.
For future investigations, it would be very interesting to achieve more computational simulations with different VG geometries and, also, of a row of VG's mounted on a bump.
